The effects of viscoelastic piezoelectric damping on the control of aerodynamic derivatives and of aileron reversal time retardation is formulated and evaluated. It is shown that significant control can be achieved with devices which add insignificant weight to flight vehicles, i. e. creep divergence and aileron reversal can be delayed in time.
INTRODUCTION
The present study is part of a series of systematic fundamental investigations into the effects of damping arising from piezo-thermo-viscoelasticity to control and minimize undesirable flexible structural contributions in flight vehicles. Previous research (Beldica et al. 1998a, b; Hilton & Yi 1998) has demonstrated through computer simulations the attractive performance of piezoelectric viscoelastic devices to control aerodynamic noise, divergence and flutter. The present study evaluates time dependent aileron effectiveness and reversal and aerodynamic derivatives and their control through piezoelectric viscoelastic devices in viscoelastic lifting surfaces. The ultimate aim of these research efforts is to formulate and evaluate piezo-electroviscoelastic control of actual high temperature metal and/or composite flight structures through massively parallel computations.
The theory of aeroelasticity is well established and may be found described in detail in such classical texts as Bisplinghoff et al. (1955) and Dowell et al. (1995) among others. Past analyses of aero-viscoelastic damping effects (Hilton 1957 (Hilton , 1960 (Hilton , 1993 have shown that energy dissipation due to material and/or structural damping may produce either stabilizing or destabilizing contributions to the system's self-excited dynamic motion depending on the state variable phase relationships. This phenomenon leads to viscoelastic flutter velocities which are either smaller or larger than corresponding elastic ones for aerodynamic, dynamic and geometric identical lifting surfaces. Recent formulations and analyses of piezo-thermo-viscoelastic effects (Hilton et al. 1997) have demonstrated that sufficient power can be generated by viscoelastic piezoelectric devices to effectively influence and control static and dynamic motion. A preliminary investigation of viscoelastic effects on flight structures without piezoelectric control was carried out by Jackson (1969) .
ANALYSIS

Control Surface Effectiveness -Symmetric Aerodynamic Loading
In order to reduce the number of parameters to a minimum, a rigid lifting surface on a flexible two degree of freedom support (Fig. 1, vertical h(t) and rotational θ(t) motions) is used as a typical vehicle for the present diagnostic fundamental sensitivity study. The piezoelectric viscoelastic supports consist of torsional and vertical devices. The linear anisotropic constitutive relations at constant temperatures in Cartesian coordinates x i of the flexible supports are given by (Hilton et al. 1997) 
where σ ij are the stress tensors, kl the strain tensors, φ ijkl the anisotropic linear viscoelastic relaxation functions, φ E ijl the electrical viscoelastic relaxation functions or the piezoelectric stress/charge matrix, φ E il the dielectric permittivity matrix, E l the electrical field intensity vectors, and D i the electric displacement vectors. The second integral of Eqs.
(1) and all of Eqs. (2) are only operative over structural parts where piezoelectric devices are installed.
Structural damping contributions can be included in the anisotropic relaxation functions φ ijkl , such that for linear viscoelastic materials it is (Hilton & Vail 1993) 
where the underlined indices indicate no summations and where
φ n is the instantaneous (elastic) modulus of the vertical or torsional restraints and g the structural damping coefficients of the attachment joints with ı = √ −1. The parameters φ ijkln , τ ijkln and N ijkl are anisotropic viscoelastic material properties. The viscoelastic piezoelectric relaxation functions φ E are representable by similar Prony series, but with distinct parameters and with each g = 0, such that
Only linear examples for vertical and rotational motions prior to stall will be exhibited here, which relate the angle of attack
and the aileron or elevator deflection angle β(t) to the aerodynamic lift L(t) and moment M T (t), free stream air velocity U , mass m, rigid body α r (t) and zero lift α o angles, polar mass moment of inertia I p , static mass moment S α , viscoelastic and piezoelectric relaxation functions φ and φ E as
where the lift L(t) is given by
and the aerodynamic moment M T (t) is
with the spring length, q the dynamic pressure and S the wing area. If compressibility effects are to be included, then Eqs. (10) and (11) can be suitably modified. In order to avoid any possible ambiguities abouṫ β at t = 0, where β(t) has values β(0 − ) = 0 and β(0 + ) = β * = const., the portions of the integrals containing β are recast as
and where E h (t) = ∂φ h (t)/∂t is the viscoelastic tension/compression relaxation modulus with similar relations for the torsional restraint. It is to be noted that these are coupled relations in the unknown vertical displacement h(t), angle of twist θ(t) and electric potentials E(t) or electric displacements D(t). In general due to relative stiffnesses, h(t)/U θ(t) and important fundamental insight can be gained by considering only a single DOF motion with θ = 0 andḣ(t) = 0 by restricting the vertical motion to h(t) = 0 as well. This then reduces the system to only Eqs. (7) and (9). Flight equilibrium conditions can be established in a number of ways, for instance:
Flight Condition A: Total lift and β specified to maintain load factor N (t) and total weight W -from Eq. (10) solve for the necessary rigid body angle of attack α r (t), i. e. the flight trim condition angle, such that
Clearly, even for time independent load factors and aileron or elevator angles β this condition necessitates an α r = α r (t), whereas in the elastic case only a constant α r is required. Therefore, this is not a realistic viscoelastic flight condition, since, if possible, it is desirable to fly the vehicle at an angle corresponding to the maximum lift to drag ratio, or (∂C L /∂C D ) max .
Flight Condition B: Angles α r and β specified -solve for N (t) = L/W from Eq. (13). This condition results in flight conditions encountered during changes of altitudes.
Flight Condition C: Flight angle α r , load factor N and weight W specified -solve for β(t), or
This represents for N = 1 level flight and for |N | > 1 changing altitude conditions and allows flights at α r corresponding to maximum L/D. Flight Condition D: Weight (N (t) = 1) and attitude specified by α * (t), the angle of attack corresponding to say (L/D) max -solve for the trim angle β(t). These angles are related by
This represents a level trimmed flight condition. Note that for Conditions (A), (C) and (D) the proper time dependent expressions for α r (t) and/or β(t) must be substituted into Eqs. (8) and (9) from either Eq. (14) or (15) or (16).
Under time independent temperature conditions all integrals reduce to convolution ones with φ(t, t ) ≡ φ(t− t ) and by taking Laplace transforms (LT) defined as
one obtains
Flight Condition C is selected for illustrative purpose and upon substituting Eqs. (15) and (17) into (18), one obtains
where
The formulation yields two equations in three unknowns, θ, E and D α . Two control options offer themselves for q < q e R and q < q e D , the latter being respectively the elastic control surface reversal and divergence dynamic pressures. In the first, one solves for θ(s) and E α (s) in terms of prescribed parameters and D α (t) from
which leads to the solution
In the second problem set, one needs to additionally prescribe E α (t) and then solve for θ(s) and
resulting in
The LT of variables in Eqs. (23), (24), (27) and (28) can be inverted by fast Fourier transforms (FFT) or by using Schapery's (1962) approximate inversion method yielding
Basically, the question to be answered is how do creep deformations affect lift and in particular does there come a time t R > 0 when the lift due to the aileron approaches zero and thereafter reverses its sign, i. e. viscoelastic control surface reversal developing in time.
Another quantity of interest is the rate of change of the viscoelastic twist angle θ(t) w.r.t. the aileron displacement β(t). Such a relation can be determined by differentiating Eqs. (5), (7) and (9), resulting in
Taking the LT of Eqs. (30) and (31) leads to
where θ ,β (s) = LT {∂θ(t)/∂β(t)}. The derivatives α r,β are determined from Eq. (15) for the selected flight condition. It must, of course, be understood that the inverse LT ([LT ] −1 ) obeys the inequalities
These results will be discussed in a subsequent section.
Creep Effects on Rolling Rates -Antisymmetric Aerodynamic Loading
A second class of problems investigated is that of an antisymmetric lift distribution producing a rolling velocity p(t), which results from aileron deflections ±β on the left and right wings of semi-span L. This necessitates an addition to M T , Eq. (11), of
where m(t) = W(t)/ g is the mass, g the gravitational constant and p(t) = p(t)L/U . The antisymmetric part of the angle of attack, which produces the roll is
The equilibrium condition (7) must be modified to include additional terms due to rolling velocity and acceleration and it now reads
(36) The second relation for the electric displacement D α is identical to the one in Eq. (9) except that the angle of attack is now defined by α anti of (35) above. At constant temperature, one can take the LT and obtain
Eliminating E(s) in Eq. (37) by using (38), gives
Three general problem areas suggests themselves, namely I -A sudden control surface deflection β(t) = β * : Solve for θ anti (t) andṗ(t)
The equilibrium condition in the roll about the x 2 axis passing through the vehicle center of gravity is
where L * is span moment arm to the lifting surface c. g., ∆L is the antisymmetric portion of the lift and α anti is given by Eq. (35). In the elastic vehicle, the largest rolling accelerationsṗ(t) occur at the beginning of the roll when p(t) ≈ 0 with t ≈ 0 [Bisplinghoff et al. (1955) , Dowell et al. (1995) ]. For viscoelastic materials with their time degrading mechanical properties, similar conditions for p(t) may not prevail particularly at elevated structural temperatures. Under such rapidly degrading viscoelastic material properties, the problem must be examined by including a nonzero p(t) when determining the accelerationṗ(t) from Eq. (39).
Taking the LT of Eq. (40), solving for θ anti (s) results in
and upon substituting into Eq. (39), yields
where for this case for time independent angles α r (s) = α * r /s and β(s) = β * /s.
II -Lift distribution during steady roll p(t) = p * = const.: Solve for θ anti (t) and β(t)
The governing relation here is that the incremental moment due to rolling conditions must vanish, or
which results in 
III -Aileron or elevator effectiveness ∂p(t)/∂β(t):
Solve for Problems I and II These two problems are defined by Eqs. (9), (36) and (40) 
The first of Eqs. (46) may also be inverted numerically by FFT.
IV -Aerodynamic derivatives ∂Q(t)/∂β(t) and ∂Q(t)/∂ p(t)
For instance, the generalized forces Q(t)may represent lift and aerodynamic moments and can be determined from Eqs. (5), (10), (11), (34) and (35). For the total lift L this then leads to
where R(t) represents either β(t) or p(t) and the variables in Eq. (48) including derivatives are determined from the various previously prescribed conditions. Similar expressions can be derived for the aerodynamic moments of the flexible configuration. Additional aerodynamic stability derivatives are defined by Etkin (1959) , but not listed here due to lack of space. However, these derivatives are also dependent on the lifting surface viscoelastic flexibility and the angles θ, β, α r , etc. In all cases. the piezo voltage due to rotations θ can be determined from
where ψ E θ is the piezo device creep function. Quasi-static elastic results can be inferred from all viscoelastic expressions by recalling that θ e (x) = θ(x, 0). Results of these analyses are evaluated in the next section.
DISCUSSION
The present fundamental simulations are divided into two categories dealing with symmetric and unsymmetric lift distributions. These sets of results are presented in Figs. 2 -8 and 9 -13 respectively. Flight vehicle attitude control can be achieved by applications of either aileron and elevator angles β or piezo voltages V or both.
In the first class of problems for symmetric lift distributions, one solves for a time t R > 0 at specified flight speed U and angles α r − α o and β when creep aileron reversal occurs (zero aileron lift). The velocity U is, of course, less than the elastic aileron or elevator reversal speed U e R and less than the elastic divergence speed U e D , since viscoelastic initial conditions are the corresponding elastic solutions at t = 0. Depending on the creep function and velocity range, aileron reversal is only a matter of time for a creeping viscoelastic lifting surface, provided creep divergence does not occur first. However, for a given constant flight velocity, U , proper applications of viscoelastic piezoelectric control will delay or prevent creep control reversal and degradation of aerodynamic derivatives.
Figs. 2 and 3 present the time variations of twist angles and electric potentials in piezoelectric elements for a prescribed flight speed (U = 0.31U e R ) and a given electric displacement corresponding to Flight Condition C. Due to the viscoelastic behavior of the material, θ increases in time from the value corresponding to an elastic vehicle. Since θ and β are related by Eq. (15), this means that the deflection of the aileron must be increased in time to compensate for viscoelastic material degradations such that α r and N retain their prescribed values.
The other control situation, i. e. prescribedÊ α , is illustrated in Fig. 4 and 5. These simulations indicate that relatively small voltages, well within piezo device limits, are sufficient for effective control.
It is seen that control reversal will take place in time if no corrective piezoelectric control is applied ( E = 0). On the other hand, depending on the supplied voltage, one can over or under control aileron effectiveness. Fig. 6 shows the aileron effectiveness expressed as the ratio of the rates of change of the lift w.r.t beta for the viscoelastic case and the corresponding rigid vehicle. The initial value (t = 0) represents the aileron effectiveness at a given flight speed of the elastic wing. It is clear that critical times t c are influenced by electric displacement D α or conversely by applied piezo voltages. Even if both β and D α are constant in time, roll speeds increase in time due to increased lifting surface deformations. Fig. 7 is a three dimensional plot showing the combined effects of velocity and time on aileron effectiveness and the occurrence of control reversal. Similarly, Fig. 8 illustrates the critical times at which viscoelastic creep divergence and reversal inevitably take place. In this simulation reversal occurs before divergence, but a change of properties can produce the converse.
In the unsymmetric lift case, for either a specified rolling velocity p(t) or a load factor N , one can determine the aerodynamic rolling moment coefficients (derivatives) p ,β (t) and thus measure aileron effectiveness, i. e. the larger | p ,β | the more pronounced the aileron rolling control.
As expected, larger deflections will induce larger rolling speeds in time (Fig. 9 ). Fig. 10 shows the influence of the prescribed electric displacement D α on the rolling speed at constant β, indicating increases in p with time.
Figs. 11 and 12 depict the variation in time of the control surface deflection angle that is required to maintain a steady roll. Since the total angle of twist increases in time, the necessary aileron deflection decreases accordingly. It appears that for some rolling speeds, the aileron has to be deflected in the opposite direction to compensate the effect of the viscoelastic deformation.
For larger values of the prescribed rolling speeds this influence is less apparent (Fig. 11) . Finally, Fig. 12 illustrates the sensitivity of the solution to the applied electric displacement. Fig. 13 is a three dimensional plot of aileron effectiveness in roll and while similar to the symmetric lift condition of Fig. 7 it exhibits a distinct surface shape of its own.
A further interpretation of the simulation results indicates that for a given life time in order to avoid reversal without piezoelectric control, smaller βs must be applied. The latter procedure is self defeating from a flight control point of view since it results in reduced rolling ratesṗ(t), while torsional creep increases θ(t) leading to larger symmetric lift values eventually causing creep divergence. In the case of an atmospheric missile one need only assure that its flight time is less than either the aileron reversal or divergence time for mission survival and adequate aerodynamic control.
Active or passive additional system control can be achieved by prescribing either the electric displacement D(t) by providing suitable voltages E(t) or by controlling the output E(t) through suitable resistors. Neither pose serious additional weight problems to flight vehicles. Preliminary parametric studies show that increases in structural temperatures and/or moisture contents shorten times to achieve aileron reversal and decrease its effectiveness | p(t)|.
CONCLUSIONS
The presence of viscoelastic creep and relaxation adds a further consideration to aeroviscoelasticity, namely that lifting surfaces will eventually exhibit divergence, aileron reversal and loss of control surface effectiveness at velocity below the corresponding critical elastic ones. Thus the need to design for an ultimate time for such conditions, which is less than the specified flight time of a vehicle such as a missile. The present simulations show that the introduction of proper light weight viscoelastic piezoelectric devices can extend such ultimate times while reducing structural flexibility and weight. 
